To examine the possible involvement of an increase in diet-induced thermogenesis from brown adipose tissue (BAT) in the n-3 polyunsaturated fatty acids (n-3 PUFA) induced limitation of the development of white fat pads during high-fat feeding. DESIGN: Rats fed for four weeks on a low-fat/high-carbohydrate diet (C group) or high-fat diet without n-3 PUFA (REF group), with eicosapentaenoic acid (EPA group), with docosahexaenoic acid (DHA group) or with a mixture of these two fatty acids (MIX group). MEASUREMENTS: Epididymal and retroperitoneal fat pad mass, BAT composition, Guanosine 5'-diphosphate (GDP) binding and uncoupling protein (UCP) content were measured in the ®ve groups of rats. RESULTS: The masses of retroperitoneal and epididymal white fat pads were lower in the groups fed n-3 PUFA than in the C and REF groups. The total BAT GDP binding was 1.6 times higher in the MIX and EPA groups than in the REF group. The BAT from the EPA group presented an enrichment in mitochondria compared to the C and REF groups whereas the BAT from the DHA and REF groups presented a hyperplasia and an increase in thermogenic activity of the mitochondria compared to the C group. The higher thermogenic activity of BAT was observed in the MIX group and is due to hyperplasia and to an increase in thermogenic activity of mitochondria. CONCLUSIONS: n-3 PUFA induce a marked stimulation of BAT thermogenic activity without changes in the UCP content compared to a high-fat diet without n-3 PUFA. The mixture of EPA and DHA has the more pronounced effect while EPA and DHA seem to act in synergy on BAT thermogenesis via different mechanisms.
Introduction
Obesity induced by a high-fat diet is mainly related to an excess in energy intake. However, laboratory animals compensate for this excess in energy intake, at least in part by an increase in energy expenditure. This increase, termed diet induced thermogenesis (DIT), which is mainly achieved by brown adipose tissue (BAT), plays an important role in the regulation of energy balance in small mammals. 1 Furthermore, the composition of the high-fat diet, notably the lipid composition, affects DIT and the level of body fat accretion. Indeed, several studies have shown that an increase in unsaturated dietary fatty acids, induces a decrease in the intensity of fat storage 2±5 and an increase in the intensity of DIT. 5±9 However, most of the studies concerning the effects of dietary lipid composition on BAT thermogenesis during high-fat feeding, have been performed using corn oil or sunower oil. These fats are characterized by a high content in linoleic acid and it is not clear whether their effect on BAT thermogenesis is due to linoleic acid per se, which is an essential fatty acid, or to its degree of unsaturation. Recent studies have emphasized the limiting effect of ®sh-oil fatty acids on the lipid accretion in white adipose tissue induced by a high-fat diet. Indeed, a high-fat diet based on ®sh oil, limits the growth of white fat pads compared with high-fat diets based on lard, 4 corn oil, medium-chain triglycerides, 3 sun¯ower oil, olive oil or beef tallow. 10 Fish oil is characterized by a high content in n-3 polyunsaturated fatty acids (n-3 PUFA) and in rats the lipid masses of the retroperitoneal and epididymal white fat pads are lowered as the n-3 PUFA content of the high-fat diet is increased. 11 Such a decrease of fat accretion in rats fed a high-fat diet suggests that n-3 PUFA induce a preferential partitioning of ingested lipids towards oxidation. As for linoleic acid, the n-3 PUFA effect could be explained, at least in part, by a stimulation of BAT DIT.
The aim of this study was therefore to examine whether changes in DIT, assessed by indices of BAT thermogenesis, could contribute to the limiting effect of n-3 PUFA on the hypertrophy of abdominal fat depots induced by a high-fat feeding in the rat. More speci®cally, the experimental design made it possible to compare the effect of eicosapentaenoic (C20:5) and docosahexaenoic (C22:6) acids, the two n-3 PUFA characteristics of ®sh oil, when fed alone or in combination at similar levels of saturated, monounsaturated and n-6 polyunsaturated fatty acids. To eliminate the effect of the excess of energy intake induced by high-fat diet on BAT activity and DIT, comparisons were made with control rats fed a highly palatable low-fat/high carbohydrate diet which also induces hyperphagia. An absence of difference in energy intake between the control and the high-fat diet fed groups makes it possible to ascribe the observed effects to the composition of the diet and to its content in n-3 PUFA.
Materials and methods

Animals and treatments
Male wistar rats (IFFA CREDO, L'Arbresle, France) weighing 200±220 g (aged 7 weeks) were kept at 25 AE 1 C, in individual wire-bottomed cages with a photoperiod light to dark LD 12:12 throughout the experiment. They were fed, ad libitum, a standard diet (AO4, UAR, Villemoisson, France) for one week. Then the rats were divided into ®ve groups of six animals.
The control group (C) received for four weeks, a low-fat semi-synthetic diet, containing (in g/100 g): 54 sucrose, 30 casein, 4 fat, 5.4 alphacel (900453, ICN, Cleveland, OH, USA), 5.4 mineral mix (205B, UAR) and 1.2 vitamin mix (200, UAR). The energy content was 16.5 kJ/g and this diet provided 58, 33 and 9% of metabolizable energy, respectively, as carbohydrate, protein and fat. The four other groups received for four weeks, a high-fat semi-synthetic diet, containing (in g/100 g): 45 sucrose, 25 casein, 20 fat, 4.5 alphacel, 4.5 mineral mix and 1 vitamin mix. The energy content was 20.3 kJ/g and these diets provided 39, 22 and 39% of metabolizable energy, respectively, as carbohydrate, protein and fat.
The saturated fatty acid and n-6 polyunsaturated fatty acid (n-6 PUFA) contents were similar in all diets ( Table 1 ). The second group of rats (high-fat diet without n-3 PUFA, REF) received a diet with fat of similar composition to C. These two diets (C and REF) were free of docosahexaenoic acid and eicosapentaenoic acid. The three other groups of rats received high-fat diets with a similar content of n-3 PUFA which replaced monounsaturated fatty acids in the REF. The third group of rats (EPA) received a high-fat diet containing a large amount of eicosapentaenoic acid. The fourth group of rats (DHA) received a high-fat diet containing a large amount of docosahexaenoic acid. The ®fth and last group of rats (MIX) received a high-fat diet containing a mixture of eicosapentaenoic acid and docosahexaenoic acid in a 2:3 proportion. Docosahexaenoic acid and eicosapentaenoic acid were incorporated in the diets as ethyl esters. Ethyl esters of fatty acids do not impair the bioavailability of the fatty acids. 12, 13 The fatty acid composition of the diets (Table 1 ) was determined by gas±liquid chromatography using a CP9000 gas chromatograph (Chrompak, Les Ulis, France) ®tted with an AT-WAX fused-silica capillary column (60 m 6 0.25 mm, Alltech Templeuve, France).
High-fat diets were prepared weekly, mixed with atocopherol (300 mg/kg) to prevent oxidation and stored at 720 C in sealed bags. Rats received a new ration every day at 18.00 h. Diet and water were provided ad libitum. Food intake (corrected for food spillage) was measured daily and body mass was measured twice a week. All experiments were done in compliance with EC regulations on care of experimental animals and submitted to control by French authorities.
Rats were killed between 09.00 and 10.00 h by cervical dislocation. The interscapular BAT was immediately removed, dissected free of other tissues and weighed. Fragments of about 50 mg were rapidly frozen in liquid nitrogen and stored at 780 C until analysis for DNA and total lipids. The remaining BAT was homogenized in a medium containing 250 mM sucrose, 20 mM TES and 0.5% bovine serum albumin at a pH of 7.1. The retroperitoneal and epididymal white fat pads were dissected and weighed.
Cytochrome c oxidase, mitochondria isolation and BAT composition An aliquot of homogenate was taken for estimation of protein content and cytochrome c oxidase (COX) activity. Mitochondria were isolated from the remaining homogenate according to the method of Nedergaard and Cannon.
14 Fractions of isolated mitochondria were frozen in liquid nitrogen and stored at 780 C until analysis for UCP and phospholipids. Protein content was determined in homogenate and in isolated mitochondria following the method of Lowry et al 15 with bovine serum albumin as standard. COX activity in homogenate and isolated mitochondria was measured spectrophotometrically at 37 C.
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Recovery of mitochondrial COX activity from BAT homogenate was determined and used for calculation of total mitochondrial protein, total cardiolipins and GDP binding per BAT pad. DNA content was determined following the method of Rafael and Vsiansky. 17 Total and mitochondrial lipid content of BAT were determined gravimetrically after extraction according to Folch et al. 18 The content of different phospholipid classes was determined in mitochondrial lipids by the method of Zhou and Arthur 19 after separation of different classes of phospholipids by thin-layer chromatography. 20 GDP binding and UCP assays GDP binding was determined by a method adapted from Sundin and Cannon. 21 Brie¯y, mitochondria (1 mg mitochondrial protein/ml incubation media) were incubated (5 min, 30 C) in media (100 mM sucrose, 20 mM TES, 1 mM EDTA, pH 7.1) containing concentrations of GDP ranging from 0.1± 30 mM with a constant speci®c gravity (1 mCi/ 10 nmol). Non-speci®c binding was assessed from the binding of [ UCP was measured in the isolated mitochondria (2 mg of protein) using Western blotting procedure with a sheep anti-rat UCP serum. 22 Anti-sheep antibody conjugated to horseradish peroxidase (A3415, Sigma) was used as the secondary antibody. After developing peroxidase activity, the quantitation of antigen-antibody complexes was performed using an image-processing package (Elecphor, CRIS, Toulouse, France). The changes in UCP amount were expressed in arbitary units relative to control rats.
Statistics
Comparisons between the different groups were conducted by Peritz' F test for multiple comparisons. 23 All differences were considered signi®cant at P`0.05. pK GDP were determined from binding curves obtained by logistic least squares ®tting (Sigma Plot, Jandel, Erkrath, Germany). 24 
Results
Body mass and food intake
The body mass did not differ between the ®ve groups at the beginning of the experiment (Table 2) . After four weeks of dietary treatment, body mass was also not different between the ®ve groups, although body mass change tended to be higher in the REF group than in the other groups ( Table 2 ).
The energy intake was signi®cantly higher in the C group than in the four groups fed high-fat diets and similar in the four latter groups ( Table 2 ). The gross food ef®ciency was similar in the different groups fed high-fat diets and was signi®cantly higher than in the C group. The n-3 PUFA intake was similar (about 0.9 g/d) in the EPA, DHA and MIX groups.
The mass of retroperitoneal white fat pads was signi®cantly lower in the MIX and DHA groups than in the C and REF groups. The mass of epididymal white fat pads was signi®cantly lower in the MIX group than in the C and REF groups (Table 2 ). The masses of retroperitoneal and epididymal white fat pads in the EPA group, and the mass of epididymal white fat pad in the DHA group tended to be lower than in the C and REF groups, though not signi®cantly ( Table 2 ). The mass of retroperitoneal plus epididymal white fat pads was lower in the MIX and DHA groups (12.6 AE 0.6 g and 14.1 AE 0.6 g, respectively) than in the C and REF groups (18.0 AE 1.0 g and 19.1 AE 0.9 g, respectively), the value for the EPA group being intermediate (15.8 AE 0.9 g).
BAT composition
When compared to the C diet, high-fat diets induced an increase in BAT mass but statistical signi®cance was reached only for the EPA group (Table 3) . The highest protein concentration was observed in BAT of the MIX group, being signi®cantly higher than in the C, EPA and DHA groups. In absolute values, the total protein mass of BAT and the lipid concentration of BAT did not differ between groups. In absolute values, the highest lipid mass of BAT was exhibited by the EPA group, while the lowest lipid mass was exhibited by the MIX group (Table 3) .
The total DNA content of BAT was 27±46% higher in the high-fat fed groups than in the C group, the BAT and n-3 PUFA H Oudart et al difference being signi®cant only for the MIX and DHA groups (Table 3) . DNA concentration was higher in the MIX group than in all the other groups. The contribution of mitochondrial proteins to total proteins was signi®cantly higher in the EPA group than in the other groups fed high-fat diets. In absolute amounts, mitochondrial proteins tended to be higher in the groups fed n-3 PUFA but the differences were signi®cant only for the EPA group vs the C and REF groups. Furthermore, mitochondrial proteins were signi®cantly elevated in the EPA group compared with the DHA group (Table 3) .
Phospholipid composition of BAT mitochondria
The content of BAT mitochondria in cardiolipins, phosphatidylethanolamine and phosphatidylcholine was similar between groups, except for a higher content of phosphatidylethanolamine in the EPA group than in the DHA group (Table 4) . Phosphatidylinositol content was 1.3±1.4 times lower in all groups fed high-fat diets compared to the C group. The content of the minor phospholipid, sphingomyelin was 2-fold lower in the REF and EPA groups than in the C and DHA groups.
The ratio of phospholipids to mitochondrial proteins was lower in the high-fat fed groups than in the C group (not signi®cant for the REF and EPA groups). Furthermore, this ratio was lower in the MIX group than in the REF and EPA groups and was lower in the DHA group than in the EPA group (Table 4 ). The total content of cardiolipin in BAT (a phospholipid speci®c to the inner mitochondrial membrane) was similar in the different groups except for a 60% lower value in the MIX group than in the EPA group (Table 4) .
COX activity, GDP binding and UCP content
The mitochondrial COX activity was 24±70% higher in the high-fat fed groups than in the C group, only the difference between the C group and the MIX group being not signi®cant ( Table 5 ). The total COX activity was higher in the high-fat fed groups than in the C group, except in the MIX group. The highest total COX activity, measured in the EPA group, was 141% higher than in the C group and 28±44% higher than in the other high-fat fed groups ( Table 5) .
The mitochondrial GDP binding was signi®cantly higher (65±139%) in the high-fat fed groups than in the C group (Table 5 The total GDP binding was signi®cantly higher (57±152%) in the high-fat fed groups than in the C group (Table  5 ). The total GDP binding was 28±60% higher in the groups fed high-fat diet enriched with n-3 PUFA than in the REF group, the differences being signi®cant for the MIX and EPA groups. There was no signi®-cant difference between the groups fed n-3 PUFA (Table 5 ).
The af®nity of UCP for GDP, expressed as pK GDP , did not differ signi®cantly between the different groups despite lower values of 0.16 and 0.13 pK units in the MIX and EPA groups, respectively, Values are means AE s.e.m.; n 6. Abbreviations for groups are as in Table 1 . Means lacking common superscripts in a given line are signi®cantly different (P`0.05). BAT and n-3 PUFA H Oudart et al compared with the C group. This lack of statistical signi®cance might be due to the high dispersion of data in the C group ( Table 5 ). The mitochondrial UCP content was slightly, but not signi®cantly, higher in the high-fat fed groups than in the C group (Table 5 ). The GDP bound to UCP ratio was 1.5±2-fold higher in the high-fat fed groups than in the C group (Table 5 ). This ratio did not differ between the high-fat fed groups.
Discussion
This study was designed to examine the possible involvement of an increase in DIT, assessed by indices of BAT thermogenesis in the n-3 PUFAinduced limitation of the development of abdominal white fat pads during high-fat feeding. Moreover, this study was conducted to examine the speci®c role of the two main characteristic n-3 PUFA (EPA and DHA) on BAT. Comparison with a highly palatable control diet (low-fat/high carbohydrate) which induced overfeeding, ensured that the effects induced by high-fat diets were not due to an increase in energy intake but rather to the modi®cation of the nutrient composition of the diet. Likewise, the higher energy intake in the C group than in the high-fat fed groups (Table 2 ) could result in a stimulation of the BAT diet-induced thermogenesis. 25 As a consequence, the BAT activity of the C group was probably not at basal level and the differences between the C group and the high-fat fed groups could be underestimated. The similar levels of energy intake in the different groups fed a high-fat diet avoided the spurious effects due to variations of the level of energy intake 25 and makes it possible to ascribe the effects observed to the differences in the fatty acid composition of the highfat diets. Numerous studies have shown that saturated fatty acids and n-6 PUFA in¯uence the development of nutritional obesity 2, 3, 5 and the intensity of DIT.
5,7±9
Accordingly, the high-fat diets used in this study were very similar in these fatty acid contents ( Table 1 ). The variations of n-3 PUFA content in the high-fat diets were counterbalanced by opposite modi®cations in monounsaturated fatty acids.
Diet induced body fat accretion. On one hand, the supply of dietary n-3 PUFA in the form of ethyl esters does not impair the intestinal absorption of these fatty acids. 13 On the other hand, the intestinal absorption does not differ between n-3 fatty acids and other fatty acids. 26 Accordingly, the higher gross food ef®ciency in the groups fed high-fat diets might result from the fact that the energy cost of lipid deposition from dietary lipids (5% of the energy potential of lipids) is considerably lower than that from dietary carbohydrate (25% of the energy potential of carbohydrate). 9, 27 It must be kept in mind that DIT, in absolute terms, includes the the obligatory DIT (the cost of absorption, digestion and storage of nutrients) and the facultative DIT (the thermogenic effect of nutrients, mainly achieved by BAT). The facultative DIT results in an increase in plasma lipids uptake and oxidation (fuel for thermogenesis) by BAT, among other organs, and consequently results in a decrease in lipid storage of white adipose tissue. However, in this study, as commonly accepted, the term DIT is used as the facultative DIT. The similar masses of retroperitoneal and epididymal white fat pads in the C and REF groups, in spite of a lower energy intake in the REF group, agree with this obligatory energy cost of nutrient storage (obligatory DIT), independently of the difference in facultative DIT (see below).
Enrichment of high-fat diets with EPA or DHA (alone or in combination) has a weak effect on the gross food ef®ciency compared with a high-fat diet without n-3 PUFA. However, it has been shown that the mass of epididymal and retroperitoneal white fat pads is a good index to assess the total body lipids during high-fat feeding. 28 Thus, based on that mass, it appears that dietary n-3 fatty acids, particularly the mixture of EPA and DHA have a limiting effect on the high-fat and high-carbohydrate diets induced obesity as previously shown with ®sh oil. 3, 11 These paradoxical results could be due to the duration of the treatment. Indeed, one month of feeding with a high-fat diet based on ®sh oil (characterized by a high content in n-3 PUFA) leads to a lower mass of retroperitoneal and epididymal white fat pads without signi®cant alteration of the total body fat content 3, 11 which is signi®cantly decreased after a longer dietary treatment. 3 Furthermore, a high-fat diet based on ®sh Values are means AE s.e.m.; n 6. Abbreviations for groups are as in Table 1 . Means lacking common superscripts in a given line are signi®cantly different (P`0.05). COX, cytochrome c oxidase activity; pK GDP , af®nity of mitochondrial uncoupling protein for GDP; UCP, uncoupling protein.
oil, induces an increase in lean body mass which can mask the limiting effect of ®sh oil on body lipid accretion, if lipid accretion is assessed by the change in body mass. 10 Thus, after four weeks of treatment, the limiting effect of n-3 fatty acids on high-fat diet induced obesity is perceptible on the development of the retroperitoneal and epididymal white fat pads, but would not be marked enough to signi®cantly decrease the gross food ef®ciency.
Diet induced thermogenesis. The greater DIT in rats fed a high-fat diet (without n-3 PUFA) than in rats fed a high-carbohydrate diet has been studied previously 29 and it has been shown that a high-fat diet but not a high-carbohydrate diet increases the expression of BAT UCP mRNA. 30 In our study, the high-fat diets enriched with n-3 PUFA lead to an increase in the total thermogenic activity of BAT, suggesting that BAT thermogenesis participates in the limiting effect of n-3 PUFA on the development of diet-induced obesity. A similar increase in BAT thermogenic activity has been shown with n-6 PUFA. 8 Accordingly, PUFA in general, rather than one class of PUFA in particular, might be responsible for activation of DIT during high-fat feeding.
The results for DNA, mitrochondrial proteins and mitochondrial phospholipid to protein ratios, suggest that EPA alone acts via an increase in the number of mitochondria, whereas DHA alone or in combination with EPA acts via hyperplasia and an increase in mitochondrial activity. Unexpectedly, the BAT from the MIX group presents the lowest mass and a low mitochondrial content (based on the COX activity and on the total cardiolipins content). However, the cellularity (assessed by DNA measurement) is the highest and the mitochondria have a high activity (assessed by the mitochondrial protein content, the PL/protein ratio and by the mitochondrial GDP binding). The high thermogenic activity in BAT from the MIX group may explain the low lipid content and consequently the low mass of BAT. The low COX activity (expressed by mg of mitochondrial protein) may be due to the enrichment of mitochondria in protein). Thus, it seems that the low mitochondria content in the BAT from the MIX group is compensated by a high activity of these mitochondria, leading to the highest thermogenic activity of BAT in the MIX group.
In the face of the non-signi®cant increase in UCP content in the high-fat fed groups compared with the C group, the increase in mitochondrial GDP binding in rats fed high-fat diets seems to be due to an unmasking of UCP sites. These results con¯ict with the observation that long term cafeteria feeding does not induce unmasking of UCP sites 31 and that a highfat diet induces an increase in UCP gene expression, particularly a high-fat diet enriched with PUFA. 32 These con¯icting results could result from the experimental design of our study. Indeed, in the present study the control rats were hyperphagic and had a higher energy intake than the high-fat fed groups. As overfeeding induces an increase in UCP content of BAT, 25, 31 the UCP content in the C group was probably not at basal level. Thus, the apparent absence of a high-fat diet-induced increase in UCP content, could be due to a high level of UCP content in the C group rather than to lack of stimulation of BAT thermogenic capacity. In the groups fed high-fat diets enriched with n-3 PUFA, which had an energy intake similar to that in the REF group, the increase in BAT thermogenic activity was not accompanied by an increase in BAT thermogenic capacity. Thus, the stimulating effect of a n-3 PUFA enriched high-fat diet on BAT thermogenic activity is likely to be due to unmasking UCP sites, when compared with a high-fat diet without n-3 PUFA.
It is generally assumed that DIT results from the activation of the sympathetic nervous system, 33±35 but it has been shown that dietary sucrose and dietary saturated fat (lard) increase noradrenaline turn-over in BAT to the same extent 34 or with a more pronounced effect for dietary sucrose. 36 Thus, the higher activity of BAT in high-fat diet fed rats than in high-carbohydrate diet fed rats, might be independent of the sympathetic nervous system activity. In contrast, the higher effect of n-3 PUFA compared with monounsaturated fatty acids (EPA, DHA and MIX groups versus REF group) might be related to an activation of the sympathetic nervous system since it has been shown that n-6 PUFA are more potent stimulators of sympathetic nervous system in BAT than saturated fatty acids. 6, 37 Other possible explanations for the n-3 PUFA effect on BAT activity may be related to direct effects on brown adipocyte metabolism. Such an effect of fatty acids at the cellular level has been observed in brown adipocytes from rats fed with high-fat diet based on saf¯ower oil (high in n-6 PUFA) which had a higher increase in respiration rate induced by noradrenaline, than brown adipocytes from rats fed with a high-fat diet based on beef tallow (high in saturated fatty acids). 38 At least two mechanisms may be implicated in the effect of n-3 PUFA on brown adipocyte thermogenesis. First, n-3 PUFA could act as direct uncouplers on BAT mitochondria. Indeed, after four weeks of feeding with a high-fat diet based on ®sh oil, the n-3 PUFA from ®sh oil are incorporated into the triglycerides of BAT 39 and are more potent uncouplers than other fatty acids, assessed by mitochondrial swelling. (Malan, unpublished data) . Second, the ingestion of n-3 PUFA could modify the response of brown adipocytes to noradrenaline, as shown in white adipocytes with n-6 PUFA. 40 The proportion of the different classes of phospholipids in the mitochondrial membranes are unchanged. However, the incorporation of n-3 PUFA in membrane phospholipids, which occurs in rats after four weeks of feeding on a high-fat diet enriched with ®sh oil, 41 could lead to modi®ca-tions of the membrane-receptor interactions and of the transduction of the hormonal signal.
Conclusions
This study shows that n-3 PUFA, particularly the mixture of EPA and DHA induce a stimulation of BAT thermogenic activity during high-fat feeding in the rat. The increase in DIT (assessed by GDP binding) may be responsible at least in part for the present limiting effect of n-3 PUFA on the accretion of body fat induced by high-fat diet. Some of our results are similar to those obtained with high-fat diets enriched with n-6 PUFA, suggesting that PUFA in general rather than one class of PUFA in particular might be responsible for the over-activation of DIT during high-fat feeding. Further investigations are required to clarify the quantitative role of this increase in DIT in the limitation of nutritional obesity.
